Introduction
Stationary Evaporating Meniscus. Figure 1 shows the details of an extended evaporating meniscus on a heated surface. Three regions are identified here:
1. Non-Evaporating Adsorbed Thin-Film Region. In this region, liquid is adsorbed on the heater surface and forms a nonevaporating layer. The molecular forces have controlling influence, and the disjoining pressure reduces the pressure in the liquid and enables it to reside in a supersaturated liquid state. 2. Evaporating Thin-Film Region. Evaporation occurs at the liquid-vapor interface, and liquid is fed from the bulk liquid through the intrinsic meniscus region. Here both the disjoining pressure and the capillary forces play a role. It is often referred to as the "microlayer." 3. Intrinsic Meniscus Region. The fluid mechanics in this region is governed by the conventional equation of capillarity.
Derjaguin ͓1͔ provided the basis of the thin film behavior by showing that the net effect, at the macroscopic level, of solidliquid interactions is a reduction of pressure of the liquid interface relative to the pressure of the equilibrium vapor phase. He argued that the disjoining action could explain the deviation from the laws of hydrostatics that exists in a thin wetting film. Later Derjaguin et al. ͓2͔ developed an analytical theory to show that the rate of evaporation from a capillary does not depend only on the vapor diffusion through the gas but also on the film transport caused by the film thickness gradient. Potash and Wayner ͓3͔ studied the transport processes occurring in a two-dimensional evaporating extended meniscus, where the fluid flow resulted from both capillarity and disjoining pressure and calculated the heat flux profile for a given plate superheat. The results showed that the heat flux reached maximum in the evaporating thin film portion of the extended meniscus.
Nucleate Boiling. Nucleate pool boiling is typically characterized by the growth and departure of vapor bubbles on a heated surface. During its growth cycle, the bubble base expands initially, stays constant for some time, and then contracts as the bubble departs. The high heat flux during nucleate boiling is often attributed to the wall heat transfer near the bubble base, which includes conduction to the liquid and its subsequent evaporation at the liquid-vapor interface. Investigators have extensively studied wall heat transfer near the bubble base by measuring the local transient surface temperatures and confirmed the existence of very high local wall heat flux. Moore and Mesler ͓4͔ measured the surface temperatures during nucleate boiling with a special thermocouple having an extremely rapid response time. The fluid boiled was water at atmospheric pressure and at saturation temperature. During nucleate boiling, the surface temperature was observed to fluctuate with time. Occasionally, the surface temperature would drop rapidly and then return to its previous level. The authors argued that only the theory of existence of a vaporizing microlayer at the base of the bubbles could explain these observations. Labunstov ͓5͔ proposed an analytical model explaining the mechanism of growth of vapor bubbles on a heated surface. He argued that the growth of bubbles developing on the heated surface must depend primarily on the heat flux supplied by the heated surface to the bubble surface close to the base of the bubble. He also developed a vapor bubble growth expression and compared it to available experimental data. The model had limited success. Mikic and Rohsenow ͓6͔ developed a correlation for pool boiling. The correlation assumed that the main mechanism of heat transfer in nucleate boiling was transient heat conduction to, and subsequent replacement of, the superheated layer around nucleation sites associated with bubble departure. The transient conduction problem was modeled as conduction to a semi-infinite plate with a step change in temperature at the surface. The correlation was checked with available experimental data and the results were found to be satisfactory. Koffman and Plesset ͓7͔ obtained microlayer thickness measurements in water, for small, short-lived bubbles characteristic of highly subcooled nucleate boiling. The detailed measurements were obtained using laser interferometry, combined with high-speed video. The authors concluded that microlayer evaporation alone cannot account for the increased heat transfer rates observed in highly subcooled nucleate boiling, and microconvection must play at least an equal role.
Moving Evaporating Meniscus. Kandlikar et al. ͓8͔ developed a new meniscus configuration to visualize the advancing and receding fronts of a liquid vapor interface. It consists of a circular evaporating meniscus on a smooth heated moving copper surface. The meniscus profile is very similar to the contact region at the base of a growing vapor bubble as explained in Fig. 2 . Figure 2͑a͒ shows a typical nucleating bubble on a heated surface, and Fig.  2͑b͒ shows an evaporating meniscus on a moving wall. When the bubble base of a nucleating bubble expands, it is similar to the receding contact line of the meniscus, and when the bubble base shrinks, it is comparable to the advancing contact region of the meniscus. Kandlikar et al. ͓8͔ obtained the meniscus shape and heat transfer rates as functions of heater temperature and surface velocity. They found that at lower velocities, the heat flux was relatively insensitive to velocity, but it increased almost linearly with velocity at higher velocities. The results indicated that transient heat conduction played a major role in the heat transfer process to a moving meniscus. Photographs of the meniscus were taken with high-speed cameras using microscopic lens, and no presence of thin films was detected at the edge of either the advancing or the receding contact regions.
Objective
The present numerical study is performed to obtain the velocity and temperature field inside an evaporating meniscus on a moving heated surface. Calculations are done for different values of wall velocity, wall superheat, and advancing and receding contact angles. The main objective is to ascertain the wall heat transfer mechanism in the moving and evaporating meniscus and evaluate its dependence on the above parameters.
The numerical calculations have been done in two dimensions. It was observed from experiments that the moving evaporating meniscus was primarily a two-dimensional ͑2D͒ phenomenon since the predominant motion in the liquid was in the plane that corresponded to the movement of the heated plate. Preliminary numerical calculations were run with both 2D and threedimensional ͑3D͒ considerations. The 2D numerical results were found to agree well with the experimental data. Thus, 3D simulations were not pursued because they required more computation time and did not provide any significant additional information.
Numerical Model
Son et al. ͓9͔ developed a two-dimensional numerical model of growth and departure of single vapor bubbles during nucleate pool boiling. They used the level-set technique to implicitly capture the liquid vapor interface. Mukherjee and Dhir ͓10͔ extended the model to three dimensions and studied merger and departure of multiple bubbles during nucleate pool boiling. The present calculations are done using a similar model, to study the evaporating meniscus on a moving heated plate.
Method. The numerical analysis is done by solving the complete incompressible Navier-Stokes equations and using the SIM-PLER method ͓11͔, which stands for semi-implicit method for pressure-linked equations revised. A pressure field is extracted from the given velocity field. The continuity equation is turned into an equation for the pressure correction. During each iteration, the velocities are corrected using velocity-correction formulas. The computations proceed to convergence via a series of continuity satisfying velocity fields. The algebraic equations are solved using the line-by-line technique, which uses TDMA ͑tridiagonal matrix algorithm͒ as the basic unit. The speed of convergence of the line-by-line technique is further increased by supplementing it with the block-correction procedure ͓12͔. A multigrid technique is used to solve the pressure fields.
Sussman et al. ͓13͔ developed a level set approach where the interface was captured implicitly as the zero level set of a smooth distance function. The level-set function was typically a smooth function, denoted as . This formulation eliminated the problems of adding/subtracting points to a moving grid and automatically took care of merging and breaking of the interface. The present analysis is done using this level-set technique.
The liquid vapor interface is identified as the zero level set of a smooth distance function . The level-set function is negative outside the meniscus and positive inside the meniscus. The interface is located by solving the level-set equation. A fifth-order WENO ͑weighted, essentially nonoscillatory͒ scheme is used for left-sided and right-sided discretization of ͓14͔. Although is initially a distance function, it will not remain so after solving the level-set equation. Maintaining as a distance function is essential for providing the interface with a width fixed in time. This is achieved by reinitialization of . A modification of Godunov's method is used to determine the upwind directions. The reinitialization equation is solved in fictitious time after each fully complete time step. With ⌬ = d /2u 0 , ten steps are taken with a third-order TVD ͑total variation diminishing͒ Runge Kutta method.
Governing Equations. Momentum equation:
Energy equation: 
The curvature of the interface is defined in terms of level-set distance function as
The mass flux of liquid evaporating at the interface is given by
The vapor velocity at the interface due to evaporation is calculated as
To prevent instabilities at the interface ͓13͔, the density and viscosity are defined as
H is the Heaviside function
where d is the grid spacing. Since the vapor is assumed to remain at saturation temperature, the thermal conductivity is given by
͑10͒
Level set equation is solved as
After every time step, the level-set function is reinitialized as
S is the sign function which is calculated as
Computational Domain. Figure 3 shows the computational domain. The domain is 4.95ϫ 0.99 nondimensional units in size. Cartesian coordinates are used with uniform grid.
The domain consists of two parallel plates with an opening in the top wall for the liquid to enter. The bottom wall moves in the positive x direction. The two other sides are outlets. The number of computational cells in the domain are 400ϫ 80 ͑i.e., 80 grids are used per 0.99l 0 ͒.
The working fluid is saturated water at atmospheric pressure. The liquid and vapor properties are taken at 373 K.
Scaling Factors. The distance and velocities are nondimensionalized with the length scale l 0 and the velocity scale u 0 . For all calculations, l 0 is assumed 1 mm, since 0.99 mm is taken to be the height of the meniscus and also the width of the liquid inlet. The nondimensional temperature is defined as
Initial Conditions. The liquid column is initially placed with center at x * = 1 and a width of 0.99 mm. Thus, the initial width of the liquid column is the same as the distance between the plates. Saturated vapor fills the rest of the domain and this is specified to simulate nucleate boiling conditions where evaporation takes place in the presence of pure vapor. All initial velocities inside the domain are set to zero. The liquid and vapor temperatures are set to the saturation temperature ͑T * =0͒. The wall temperature is set to the specified superheat ͑T * =1͒.
Boundary Conditions. At the bottom wall ͑y * =0͒,
where is the contact angle. At the top of the domain ͑y * = 0.99͒,
At the outlets ͑x * = 0 and x * = 4.95͒,
The inlet liquid velocity V in for all cases is set to 0.00034 m / s. The simulation conditions were chosen to correspond to the experimental data presented by Kandlikar et al. ͓8͔ . Constant wall temperature is assumed at the bottom wall; it has been shown by Kandlikar et al. ͓8͔ that it is a reasonable assumption for a surface with high thermal diffusivity, such as copper.
Microlayer Evaporation. Several previous studies ͓9,10͔ of single or multiple vapor bubbles growing on a heated wall have included the effect of microlayer evaporation. Son et al. ͓9͔ reported microlayer contribution to be ϳ20% for a certain set of calculations. Recently, Dhir ͓15͔ reported that 50% of the energy from the wall is transferred by transient conduction, 35% by natu- ral convection and 15% by microlayer evaporation. Since the effect of microlayer is seen to be small and no reliable experimental data on microlayer thickness under a bubble base are available, the present simulation is carried out to highlight the effect of liquid motion and transient conduction at the base of the meniscus. Hence, the effect of microlayer evaporation has been excluded from the calculations.
Results
Numerical simulation is carried out for different values of advancing and receding contact angles, wall superheat ͑SH͒ and wall velocity ͑WV͒. The mean value of contact angle used are advancing contact angle ͑ACA͒ = 61 deg and receding contact angle ͑RCA͒ = 48 deg, corresponding to experimental conditions during nucleate pool boiling ͓16͔. Calculations are carried out by increasing ACA to 80 deg and decreasing RCA to 30 deg. The wall superheat is varied as 2 K, 5 K, and 8 K, which is typical during partial nucleate pool boiling. The wall velocity is varied as 0.05 m / s, 0.1 m / s, and 0.15 m / s, which are again observed rate of change of bubble base diameter with time during partial nucleate pool boiling ͓16͔.
Base Case. Figure 4 shows the variation of meniscus base length as a function of time for the case with ACA= 61 deg, RCA= 48 deg, SH= 5 K, and WV= 0.1 m / s. We will term this case as the base case. At time 0 ms, the base length is 0.99 mm, which is specified as the initial condition. The plot shows initial fluctuation of the meniscus base length as the calculations proceed, which becomes steady after 50 ms attaining a length of 1.4 mm.
A convergence check is carried out with various grid sizes to demonstrate grid independence. To optimize computation costs 80 grids per unit length is chosen for all calculations. Figure 4 shows the variation of meniscus base length with time for 64, 80, and 96 grids. After initial fluctuations subside around 50 ms, the results for 80 and 96 grids show very little difference. This confirms that the calculations with 80 grids provide sufficient resolution to capture details of high heat transfer region near the wall. Figure 5 demonstrates the time-step independence. The base case with 80 grids per unit length is calculated with two different time steps of 0.0001 and 0.00005. The plot of meniscus base length against time shows little difference in the results. Thus, the time step of 0.0001 is used for all the calculations. Figure 6 shows the velocity field in the meniscus for the base case. The wall velocity has caused the meniscus to become extended in one direction. The velocity vectors in the vapor are much larger than in the liquid due to the density difference. The streamlines in the liquid show a circulating flow inside the meniscus. Evaporation takes place at the liquid-vapor interface indicated by the jets of vapor leaving the interface. However, this evaporation is comparatively much more intense at the receding contact line region. Calculations show that more than 99% of the total evaporation takes place on the receding side. The reason for this can be explained by analyzing the temperature field inside the meniscus.
The thermal boundary layer inside the meniscus for the base case is shown in Fig. 7 . Temperature contours are plotted for T * at intervals of 0.1. The plot shows more superheated liquid near the receding liquid-vapor interface compared to the advancing interface. The liquid is dragged in the positive x direction near the wall due to the wall movement and gets heated up due to heat transfer from the wall. The circulation of liquid ͑shown in Fig. 6͒ causes the hotter liquid to move up along the receding interface near the receding contact line, increasing evaporation along the interface. The incoming cooler saturated liquid comes down near the advancing contact line suppressing evaporation at the interface in that region. The crowding of isotherms near the wall at the advancing contact region indicates area of high wall heat transfer. A part of the superheated liquid circulates near the wall at the reced- ing contact region thereby hindering local wall heat transfer. Figure 8 shows the local Nu variation along the meniscus base for the base case.
The local heat transfer coefficient h is obtained from
The local Nusselt number at the meniscus base is defined as
The solid line shows the results obtained from the numerical calculations. The highest heat transfer is seen to occur at the advancing contact region. This is due to transient conduction as cooler saturated liquid comes down along the advancing interface near the heated wall. The heat transfer steadily decreases from that end until it reaches the receding contact line. There is a jump in wall heat transfer at the receding contact line. This is where the distance between the liquid-vapor interface and the wall becomes small, causing a steep temperature gradient at the wall.
The heat transfer near the advancing edge of the meniscus can be calculated analytically using a transient heat conduction model. The heater surface comes in contact with the liquid, which can be assumed to be a semi-infinite medium during the initial contact with the heater surface. In the present modeling, a constant heater wall temperature is assumed. The instantaneous heat flux following the initial contact with a semi-infinite medium ͑assuming water at saturation temperature͒ under the constant surface temperature case is given by
The heat transfer coefficient h is calculated as
The instantaneous value of the Nusselt number near the advancing edge of the meniscus is calculated using
The distance along the meniscus base x is calculated starting from the location of the advancing contact region.
The analytical results for the base case are plotted in Fig. 8 as a dashed line along with the numerical results discussed earlier. It is seen that the numerical results and the results from the transient conduction model are in excellent agreement at the advancing contact region. This confirms that transient conduction is, indeed, the primary mechanism of heat transfer from the wall at the leading edge of the meniscus base. However, with increase in distance from the leading edge, the calculated heat transfer is found to be less than the analytical results. This is due to the fact that the circulation of liquid inside the meniscus causes a mixing effect. This mixing increases the average temperature of the liquid, which, in turn, reduces the wall heat transfer.
Comparison to Experimental Data. Figure 9 compares the meniscus shape obtained from numerical calculations to experimental data. Figure 9͑a͒ shows the experimental observation of Kandlikar et al. ͓8͔. The measured experimental parameters are as follows: ACA= 110 deg, RCA= 25 deg, SH= 5.5 K, WV = 0.241 m / s. The nozzle inside and outside diameters are 1.08 mm and 1.65 mm, respectively; the distance between the nozzle and the moving copper block is 0.9 mm, and the nozzle liquid flow rate is 0.016 mL/ min. Numerical simulation was carried out for the moving and evaporating meniscus with the above conditions and the resultant meniscus profile is shown in Fig. 9͑b͒ .
In the experiment, even though the water flows through 1.08 mm i.d. of the nozzle, the meniscus clings to the nozzle mouth and the effective diameter becomes equal to the outside diameter of 1.65 mm. This can be clearly seen in Fig. 9͑a͒ . In the simulation, the liquid inlet was specified as 1.08 mm wide, which is the same as in the experiment, but the liquid interfaces at the top wall were not anchored to any particular location. At steady state, the liquid spread on the top wall and reached a width of 1.8 mm, as seen in Fig. 9͑b͒ .
Comparing Figs. 9͑a͒ and 9͑b͒, it can be seen that the meniscus profiles agree well between the numerical simulation and the experimental observation. The base length of the meniscus in the experiment is 2.9 mm, whereas the base length obtained from the numerical simulation is 3.1 mm. Figure 10 plots the averaged Nusselt number at the base of the meniscus as a function of time for different values of advancing and receding contact angles. Three cases are compared in the plot: ͑i͒ the base case, ͑ii͒ an increased advancing contact angle ͑80 deg͒ from the base case, and ͑iii͒ a decreased receding contact angle ͑30 deg͒ 
Effect of Advancing and Receding Contact Angles.
where L is the meniscus base length and local h is obtained from Eq. ͑18͒. The average Nusselt number at the meniscus base is defined as
The N u is very high initially as the saturated liquid is in contact with the superheated wall. The wall heat transfer decreases as the thermal boundary layer thickens inside the liquid with time and reaches a steady value for all three cases after 60 ms. It can be seen that the N u increases with increase in advancing contact angle but is unaffected with the change in the receding contact angle. As the advancing contact angle is increased from 61 deg to 80 deg, it becomes easier for the cooler incoming saturated liquid to reach the superheated wall thereby facilitating transient heat conduction at the advancing contact region. However, the layer of trapped superheated liquid in the receding contact region has remained largely unaffected by change in the contact angle from 48 deg to 30 deg. Since bulk of the heat transfer at the meniscus base takes place at the advancing contact region as explained earlier in the paper, overall heat transfer at the meniscus base has improved with an increase in the advancing contact angle but has remained unaffected by the change in the receding contact angle.
Effect of Wall Superheat. Figure 11 compares the N u at the meniscus base for different values of wall superheat. Three cases are plotted: ͑i͒ the base case, ͑ii͒ increased wall superheat of 8 K, and ͑iii͒ decreased wall superheat of 2 K. The results show that the wall heat transfer coefficient remains unaffected with changes in the wall superheat, with constant properties assumed in the calculations.
Effect of Wall Velocity. Figure 12 shows the effect of the wall velocity on the average wall heat transfer coefficient. Results from three cases are plotted: ͑i͒ the base case, ͑ii͒ increased wall velocity of 0.15 m / s, and ͑iii͒ decreased wall velocity of 0.05 m / s. The nondimensional averaged wall heat transfer coefficient N u is found to increase with increase in the surface velocity, which 
Comparison to Nucleate Boiling
The N u at the meniscus base obtained from the numerical simulation for the base case is 14; the corresponding wall heat flux with 5 K wall superheat is 47.6 kW/ m 2 . The nucleate boiling wall heat flux at 5 K wall superheat is 10 kW/ m 2 ͓17͔. Thus the numerical simulation predicts higher wall heat flux for the moving and evaporating meniscus as compared to partial nucleate pool boiling. However, it must be noted that the present wall heat flux calculations are carried out at the meniscus base in the liquid, whereas in nucleate boiling the heat flux is measured over the entire heater surface covered with isolated vapor bubbles ͑at 5 K wall superheat͒ and natural convection heat transfer present at locations away from the active nucleation sites.
It is difficult to specify a value for nucleation site density since it depends on the surface condition. However, as a first-order approximation, we assume that at 5 K superheat bubbles do not interfere and are located on a square grid 2D apart where D is the departure diameter. The area influenced by the meniscus is assumed to be the area under the departure diameter D, which is 19.6% of the heater area, whereas natural convection exists on the remaining 80.4% of the heater area. The natural convection heat flux for hot surfaces facing up is calculated to be 4.6 kW/ m 2 from the correlation ͓17͔
͑26͒
Thus, the meniscus region heat flux of 47.6 kW/ m 2 translates into an average pool boiling heat flux of 13 kW/ m 2 , which compares favorably with the pool boiling value of 10 kW/ m 2 at 5 K superheat.
It must be noted here that the present work is not intended to predict the pool-boiling heat transfer rates but to provide a more in-depth look into the contact region heat transfer. The local velocity and temperature fields provide insight into the heat transfer mechanisms at the advancing and receding contact regions. The study confirms that the dominant heat transfer mechanism at the bubble base to be transient conduction and illustrates the importance of the advancing contact angle on the wall heat transfer as compared to the receding contact angle. In order to simulate the pool-boiling heat transfer, much more comprehensive approach will be needed as shown by Dhir ͓15͔. 
